interaction between the support and surrounding rock through many independent "Winkler" type springs. The active loads (loose pressures), which are applied directly to the support structure, require to be estimated according to either the Code (TB10003−2005) or some technical documents (Bieniawski 1989; Singh et al. 1997; Barton 2002) . However, due to the inherent uncertainties of the surrounding ground in nature, the active loads calculated are unreliable. Moreover, due to the existence of the primary lining, the loads acting on the secondary lining in general build up over time. Their magnitudes depend on the interaction between the primary and secondary linings, the durability of support structures, and the long-term effects. These entail the incompatibility of the design method of the secondary lining with its original design purpose.
In this paper, the structural responses of the secondary lining of a high-speed railway tunnel excavated in loess ground are studied. The radial contact pressures between the primary lining and secondary lining are first measured by using earth pressure cells. The structural responses of the secondary lining are then *Corresponding author. Email address: qfang@bjtu.edu.cn. Tel: +86-10-51688115. studied by the hyperstatic reaction method and the monitoring load method. Finally, the safety factors of the secondary lining obtained by the two methods are compared.
PROJECT OVERVIEW
The Hu Maling tunnel project in China involves building a single tube tunnel serving two-lane two-way high-speed railway traffic. One of its tunnel portals is shown in Figure 1 . The total length of this tunnel is about 13,611 m (from DK68+626 to DK82+237). The maximum overburden thickness is about 295 m. It mainly tunnelled −2005) . A simplified relationship between the surrounding ground quality and the Chinese classification BQ (basic quality) system, as well as the widely-used Q system is shown in Table 1 (Gan 2008).The tunnel cross-section dimensions adopted for Class IV and Class V ground conditions are shown in Figure 2 .
INSTALLATION OF PRESSURE CELLS
Twenty one earth pressure cells were installed between the primary lining and the secondary lining in three cross-sections in the Hu Maling tunnel. The first section is located at DK68+973, of which the surrounding ground is classified as Class V. The second and third sections are located at DK69+210 and DK69+256 respectively, of which the surrounding ground is classified as Class IV. The minimum overburden depth of these three sections is 68 m. Therefore, all these three sections can be classified as deeply buried according to the Code (TB10003−2005). For each cross section, earth pressure cells were installed in seven positions: left knee, left waist, left shoulder, crown, right shoulder, right waist and right knee ( Figure 3 ). The selected earth pressure cell is a kind of double-membrane cell, which is particularly designed for measuring soil pressures on structures. One of its plates, which bears against the external surface of the structure, is designed to have an adequate thickness to prevent flexure of the cell. The other plate, which is thinner, is designed to react with the soil pressure ( Figure 4 ). At each position, one earth pressure cell was installed to measure the radial contact pressure between the primary lining and the secondary lining. The thick plate of the cell is placed against the primary lining and the thin plate is in contact with the secondary lining. Before the installation of each earth pressure cell, a particular area of the primary lining surface was first polished. Then the polished area was covered by a piece of non-woven fabric. After that the earth pressure cell was fixed on the primary lining above the non-woven fabric by a nail gun ( Figure 5 ).
MONITORING RESULTS
The measured earth pressure cell data of Section DK68+973, Section DK69+210 and Section DK69+256 are shown in Figure 6 . The shaded region of each subfigure in Figure 6 displays a zoomed portion of the same set recorded in the early stage of monitoring. After reaching equilibrium, the pressure distributions of these three sections are obtained as shown in Figure 7 . According to the monitoring results, the following observations are made:
(1) After the cast of the secondary lining concrete, the radial pressures between the primary lining and secondary lining increased immediately. (2) Due to the differences associated with the construction logistics, the secondary lining of Section DK68+973 was not cast until the primary lining deformation became insignificant, while the secondary linings of Section DK69+210 and Section DK69+256 were cast only three days after the primary lining installation. Therefore, the measured pressures of Section DK68+973 were 7 . Contact pressure between the primary and secondary linings after reaching equilibrium generally much smaller than the pressures measured at the same positions of the other two sections; (3) The measured pressure distributions of the three sections varied greatly. In addition, they also differed significantly from the pressures calculated by the loose pressure theory.
STRUCTURAL ANALYSIS
The monitoring results of the radial contact pressures between the primary and secondary linings of the Hu Maling tunnel reveal that the loads transmitted to the secondary lining are in the form of "deformation pressure" instead of "loose pressure". In this section, a series of structural analyses of the secondary lining of the Hu Maling tunnel are performed. The structural responses of the secondary lining obtained by the traditional hyperstatic reaction method and the monitoring load method are also compared.
Structure Analysis Using the Hyperstatic Reaction Method
With reference to the "Code for Design on Tunnel of Railway" (TB10003−2005), the typical mechanical properties of Class IV and Class V surrounding ground are provided in Table 2 . The loose body heights of Class IV and Class V surrounding ground under deeply buried conditions are 6.75 m and 13.54 m, respectively. The active pressure that acts on the roof of the secondary lining can be obtained by multiplying its weight by the loose body height. The mechanical parameters of the concrete of the secondary lining are shown in Table 3 .
With the use of the commercial finite element program of MIDAS-GTS (MIDAS GTS 2009), the bending moments and normal forces along the secondary lining associated with the above two ground conditions can be calculated by the hyperstatic reaction method. Figure 8 shows the calculation results.
Structural Analysis Using the Monitoring
Load Method The monitoring loads that are applied on the secondary lining follow the patterns shown in Figure 7 . In order to maintain the stability of the secondary lining, some normal springs are connected to the invert nodes. In addition, the node that represents the secondary lining crown and the node on the middle of the secondary lining invert are fixed horizontally to facilitate the structure to reach equilibrium. By using MIDAS-GTS, the structural responses are obtained as shown in Figure 9 .
Comparisons of Structure Safety by the
Two Methods Although reinforcement is incorporated in the secondary lining of the Hu Maling tunnel, the safety factors are calculated for plain concrete secondary lining without considering the reinforcement. By neglecting the differences associated with the support reinforcement under different ground conditions, the safety factors can be obtained which allow for a more direct quantitative comparison. The comparison is performed on the safety factors obtained by the hyperstatic reaction method and the monitoring load method. According to the Code (TB10003−2005), for a rectangular concrete member under loading, if its eccentricity is less than or equal to 0.2 times of its thickness (e 0 ≤ 0.2d), the bearing capacity of the member is controlled by its compressive strength, i.e.
(1)
where K denotes the safety factor of the concrete member; ϕ denotes the buckling coefficient, which is taken as 1 for a tunnel project; α denotes the acentric factor, which can be calculated by α = 1-1.5e 0 /d; R c denotes the ultimate compressive strength of concrete; b denotes the height of the member; d denotes the thickness of the member; and N denotes the axial force of the member. If the eccentricity of the concrete member is larger than 0.2 times of its thickness (e 0 > 0.2d ), the bearing capacity of the member is controlled by its tensile strength, i.e.
(2)
where R t denotes the ultimate tensile strength of concrete.
With the above formula, we can calculate the structural safety factors of the secondary lining. Because the length of the beam element is designated to be 0.5 m in the finite element calculations, totally 390 and 405 beam elements Figure 9 . Continued are used in the Class IV and Class V ground conditions respectively. Histograms are plotted to help visualize the safety factor distribution of all the elements in a particular set of calculation. The results corresponding to the deeply buried Class IV and Class V ground conditions under the "standard load" are shown in Figure 10 , while the results corresponding to the three sections under the "monitored load" are shown in Figure 11 . In each histogram, the horizontal ordinate shows the distribution of the safety factors and the vertical ordinate shows the count of the beam element possessing a particular safety factor obtained from the calculation.
A comparison of the structural responses of the secondary lining under "standard load" and "monitored load" reveal some significant differences between these two conditions:
(1) Under the "standard load", the bending moment is the maximum and the axial force is the minimum on the tunnel crown ( Figure 8) . The element on the tunnel crown thus experiences the maximum tensile stress. The secondary lining commonly fails in tension due to the intrinsic weak tensile strength of concrete. Therefore, the most unfavorable position of the secondary lining is located on the tunnel crown. Under the "monitored load", however, the most unfavorable positions of the secondary lining are usually located in the other stress concentration positions, which are not usually on the tunnel crown;
(2) The distributions of the safety factors obtained by the "standard load" and the "monitored load" differ greatly. For Class IV ground condition, the safety factors obtained by the "standard load" mainly range from 1.5 to 5.5 [ Figure 10(a) ]. The tail of the histogram extends further to the right due to a relatively small number of counts of large safety factors. (3) For Class V ground conditions, a certain number of elements are found with a safety factor less than 1 based on both "standard load" and "monitored load" methods [ Figures  10(b), 11(c) ]. However, the structural analyses ignore the effect of the reinforcement. It is believed that with the contribution of the reinforcement, the structural safety can be ensured. This point of view has been validated by the successful and safe construction of the relevant sections; (4) Although the measured loads of Section DK68+973 are considerably less than those measured in the other two sections, the minimum safety factor of Section DK68+973 is far less than those of the other two sections. This is due to the intensive stress concentrations present in the knees of the secondary lining at this section.
CONCLUSIONS
This paper studies the load-sharing effects on the secondary lining by on-site monitoring and numerical analysis. In summary, the following findings are obtained.
(1) The ground load applied to the secondary lining develops with time. The loads reach their first peak values when the tunnel formwork carriage is removed. At this time the strength of the concrete has not been sufficiently developed. Therefore, great caution should be taken in deciding when to remove the formwork. Moreover, the curing of the secondary lining concrete should be performed immediately and frequently after the removal of the formwork; (2) For tunnelling in loess ground, the time effect of the load transmitted to the secondary lining is very significant. It may take several months for the stress in the secondary lining to reach equilibrium. This time effect requires a careful consideration of the consolidation and rheology effects in the loess tunnel design; (3) The "deformation pressure" that is actually transmitted to the secondary lining differs significantly from the prescribed "loose pressure". The value of "deformation pressure" is closely related to the ground conditions and installation time of the secondary lining. Further in-depth studies should be performed to estimate the loads acting on the secondary lining.
